Classic coevolutionary theory predicts that if beneficial microbial symbionts improve host fitness, they should be 14 faithfully transmitted to offspring. More recently, the hologenome theory of evolution predicts resemblance between 15 parent and offspring microbiomes and high partner fidelity between host species and their vertically transmitted 16 microbes. Here, we test these ideas for the first time in multiple coexisting host species with highly diverse microbiota, 17 leveraging known parent-offspring pairs sampled from eight species of wild marine sponges (Porifera). We found that 18 the processes governing vertical transmission were both neutral and selective. A neutral model explained 66% of the 19 variance in larval microbiota, which was higher than the variance this model explained for adult sponge microbiota 20 (R 2 = 27%). However, microbes that are enriched above neutral expectations in adults were disproportionately 21 transferred to offspring. Patterns of vertical transmission were, however, incomplete: larval sponges shared, on 22 average, 44.8% of microbes with their parents, which was not higher than the fraction they shared with nearby non-23 parental adults. Vertical transmission was also inconsistent across siblings, as larval sponges from the same parent 24 only shared 17% of microbes. Finally, we found no evidence that vertically transmitted microbes are faithful to a 25 single sponge host species. Surprisingly, larvae were just as likely to share vertically transmitted microbes with larvae 26 from other sponge species as they were with their own species. Our study demonstrates that common predictions of 27 vertical transmission that stem from species-poor systems are not necessarily true when scaling up to diverse and 28 complex microbiomes.
Introduction sponge species spanning five orders ( Figure S1 ) and collected 63 larval offspring from 21 of these adults (1 to 5 larvae sampled per adult). To sample environmental microbes as a potential source pool, we simultaneously collected 118 seawater samples from seven locations within the area where the adult sponges were found (seawater samples were 119 never taken in direct proximity to any sponge specimen). Figure A shows the distribution of all microbial ASVs at the phylum level (class level for Proteobacteria). Each circle represents a different phylum, and the size of the circle corresponds to the total number of reads assigned to that phylum. While The color legend for (A) is shown in Figure 4 . The phyla that lie along the sponge specific axis are listed in the grey table to the left of plot A. Figure  B shows the diversity of all ASVs assigning to sponge-enriched clusters. Each green circle represents a different sponge-enriched cluster, and the size of the circle corresponds to the number of reads assigning to that particular cluster. ASVs that classify to phyla and sponge-enriched clusters that are unique to any of the three environments occur in their respective corners (100%); ASVs that classify to phyla and sponge-enriched clusters that are shared between any two environments occur along their focal axis. ASVs that classify to phyla and sponge-enriched clusters present in all three environments occur in the center of the ternary plots.
After quality control, we obtained 11,375,431 16S rRNA gene amplicon reads from these 94 samples (mean=121,015
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The neutral model predicts that abundant microbes in the metacommunity will disperse by chance and/or be randomly sampled by an individual host In the Venn diagrams, the microbial communities associated with adults, larvae, and seawater are depicted by circles colored in peach, yellow, and turquoise, respectively. The focal metacommunity is circled by a dashed black line, and the local host communities are represented as four circles below each Venn diagram, representing either individual adults (peach) or larvae (yellow). The bottom panel shows the fit of the neutral model for adults (C) and larvae (D) . ASVs that fit the neutral model are colored gray; ASVs that occur more frequently than predicted by the model are colored green; and ASVs that occur less frequently than predicted are colored purple. Dashed black lines represent the 95% confidence interval around the model prediction (solid black line). The R 2 for the model fit is shown in the upper left-hand corner of each plot. The percentage of microbes that fall above, within, and below the neutral prediction for adults and larvae are 23.7%, 73.4%, 3%, and 20.4%, 78.8%, 0.8%, respectively. This indicates that both neutral and non-neutral processes governs microbial acquisition in marine sponges.
10.7% that fell above the neutral prediction in larvae may represent symbionts that were haphazardly filtered by a few 185 individual adults, and subsequently incorporated into the oocytes. Finally, for the 3% of ASVs that fell below the 186 neutral prediction in adults (i.e., purple dots Figure 2C ), 86.5% were present in larvae; 54.1% and 43.3% fell above 187 and within the neutral prediction, suggesting that most of microbes that fall below the neutral prediction in adults 188 represent dispersal limited symbionts.
largely disappeared when microbes shared with the seawater were removed ( Figure S2B ). Compared to adults, larvae 191 do not filter feed prior to settlement and metamorphosis [35] . This, therefore, suggests that the "peak" consists of (i) 192 a mixture of symbionts and other microbes that the adults acquire from the seawater (which are subsequently incorpo-193 rated into the oocytes), and/or (ii) environmental microbes that populate the outer surface of the free-swimming larvae 194 prior to settlement. While we can not exclude the latter, it is less likely for four reasons: (1) we rinsed sponge larvae 195 with filter-sterilized seawater prior to DNA extraction;
(2) evidence from electron micrographs suggests that microbes 196 are not frequently present on the surface of sponge larvae [36, 44, 67] ;
(3) most of the ASVs forming the "peak" are 197 also present above the neutral prediction in adults, indicating that they are selectively acquired and/or enriched by 198 individual adults ( Figure S3 ); and (4) several of these ASVs assigned to sponge-enriched clusters ( Figure S4 ).
199
Our results allow to distinguishing between direct and indirect vertical transmission; that is, symbionts which larger microbial genetic repertoire. Similar to the idea that a genetically diverse cohort of offspring is more likely to 210 succeed than a genetically uniform cohort, these larvae may better survive and reach adulthood in diverse and varying 211 environments. However, to better understand direct and indirect vertical transmission, it will be necessary to trace 212 transmission at the microbial strain level through multiple lineages of sponge hosts.
213
We next focused on the subset of vertically transmitted ASVs that were shared between adults and their offspring 214 and were not detected in seawater (i.e., were least likely to be attributed to microbes from seawater found incidentally 215 on the surface of the larva; Table S2 ). We found that 50.0%, 44.1% and 5.9% of these vertically transmitted ASVs fell , orange dots correspond to ASVs that are above the neutral prediction in adults; 48.4% of these vertically transmitted ASVs are also above the neutral prediction in larvae. In the bottom panel (C-D), purple dots correspond to spongeenriched clusters that are above the neutral prediction in adults; 51.7% of these vertically transmitted sponge-enriched clusters are also above the prediction in the larvae. Microbes that fall within or below the neutral prediction are colored in gray.
above and within the neutral prediction in larvae ( Figure 3A and Figure 3B ). Interestingly, of the ASVs that fell above
Sponge−specific vertical transmission
Overall vertical transmission to parents and offspring ( Figure S17A ). The sponge-specific networks had, on average, the highest NMI score but 291 these networks were still quite far from the prior expectation of perfectly separated parent-offspring compartments 292 (overall: 0.49±0.08 and sponge-specific: 0.36±0.13; Figure S18a ). We also computed modularity on unweighted 293 bipartite networks. While these resulted in different module composition, modules were still not comprised of nodes 294 only corresponding to parents and offspring ( Figure S17B and Figure S18b ). Figure S9 ). For overall vertical transmission (A), parents and offspring shared, on average, 44.8% of the ASVs, whereas non-parental conspecific adults and larvae shared, on average, 44.5% of ASVs (P>0.1). For sponge-specific vertical transmission (B), parents and offspring shared, on average, 11.3% of ASVs, whereas non-parental conspecific adults and larvae shared, on average, 8.8% of ASVs (P=0.04). Boxplots (b) show the percent shared VT ASVs between (i) siblings (blue dots), and (ii) non-siblings (purple dots). In boxplots (b), each dot represents one sibling pair, or one pair of non-siblings (see Figure S12 ). For overall vertical transmission (A), siblings shared, on average, 17.0% of their VT ASVs, while non-siblings only shared 11.7% (P<0.001). For sponge-specific vertical transmission (B), siblings shared, on average, only 2.4% of their VT ASVs, whereas non-siblings shared 1.0% (P=0.001). While these are significantly different, the effect size (i.e., the difference in location, ), is effectively zero.
with 5,000 and 10,000 reads ( Figure S24 and Figure S25 ). Figure S19A and Figure S20A ), or (b) Bray-Curtis similarity (see Figure S19B and Figure S20B ). Each dot represents all offspring from either (i) adults belonging to the same species (blue dots), or (ii) adults from different species (orange dots). While the Jaccard index calculates similarity between two samples based on the presence-absence of taxa, Bray-Curtis similarity weights taxa by their relative abundance. For overall vertical transmission (A), conspecific larvae shared, on average, 17.4% (Jaccard) and 6.6% (Bray-Curtis) of the ASVs, whereas heterospecific larvae shared, on average, 15.5% (Jaccard) and 6.2% (Bray-Curtis) of the ASVs (P>0.1). For sponge-specific vertical transmission (B), parents and offspring shared, on average, 3.5% (Jaccard) and 5.0% (Bray-Curtis) of the ASVs, whereas non-parental conspecific adults and larvae shared, on average, 2.7% (Jaccard) and 1.8% (Bray-Curtis) of the ASVs (P>0.1).
To test this pattern beyond pairwise comparisons, we computed weighted modularity on two bipartite networks:
